ABSTRACT. The Radiocarbon Dating Laboratory at the University of Illinois has been using the pyrolysis-combustion technique to separate pyrolysis-volatile (Py-V) or low molecular weight and pyrolysis-residue (Py-R) or high molecular weight compounds for 14 C dating of organic remains since 2003. We have applied this method to human collagen dating to examine the 14 C age difference between low and high molecular weight organic compounds. Results show that both fractions of late prehistoric period human bones from Illinois archaeological sites yield identical 14 C dates but that Py-V or low molecular weight fractions of Archaic period human bones appear to be slightly contaminated. In this case, Py-V components or low molecular weight collagen fraction yield older 14 C dates, which could result from contamination from old organic-rich sediments. The pyrolysis-combustion technique provides an economical alternative method to date bones that have not been satisfactorily dated using conventional purification techniques.
INTRODUCTION
A small number of radiocarbon dating laboratories perform high-resolution bone collagen dating. 14 C dating of bone collagen is challenging because its preservation is influenced by many environmental factors, including temperature, moisture, pH, and microbial activity (van Klinken 1999; Collins et al. 2002) . Bone organic matter could be altered physically and chemically through absorbing dissolved organic carbon and "fusing" humic substances with collagen compounds through humification (Maillard reaction) processes (van Klinken and Hedges 1995) . These contaminants could cause 14 C dates of bone collagen to be either too young or too old depending on variations of local environment and soil chemistry. To completely remove molecular contaminants is cumbersome and expensive (Stafford et al. 1988; van Klinken et al. 1994; Tripp et al. 2006 ).
The most common protocol to extract collagen is the method described by Longin (1971) . In this protocol, collagen is defined as a gelatin-like, acid insoluble residue after weak acid decalcification. Theoretically, this protocol produces total bone organic matter that includes untwisted triple-helical gelatin-like collagen molecules. However, humic substances absorbed by bone cannot be completely removed through weak acid treatment. An improved protocol adds a weak base solution (0.1-0.125M NaOH) to remove humic acids, and then uses near-boiling (95 C) weak acid (pH 3) to solubulize and filter bone collagen (Ambrose 1990) . Although this protocol provides collagen that generally yields more accurate 14 C dates, NaOH decreases collagen yields (Minami et al. 2004) , and does not completely remove humic contaminants (Brown et al. 1988; Stafford et al. 1988; van Klinken and Hedges 1995; van Klinken 1999; Bronk Ramsey et al. 2004 ). Refined molecular compound-specific methods of purification of collagen have been developed, including ninhydrin derivatization (Nelson 1991; Tisnerat-Laborde et al. 2003) , ion-exchange techniques (Hedges et al. 1989) , the isolation of single amino acids (usually hydroxyproline) (Stafford et al. 1987 (Stafford et al. , 1988 (Stafford et al. , 1991 van Klinken and Mook 1990; Tripp et al. 2006) , collagenase digestion (DeNiro and Weiner 1988; van Klinken et al. 1994) , isolation of tripeptides (van Klinken et al. 1994) , and ultrafiltration (Brown et al. 1988; Higham et al. 2006) . Among these methods, ultrafiltration is currently the most popular protocol (Higham et al. 2006) . Ultrafiltration separates high molecular weight (HMW) collagen compounds (>30 kD; 1 kD = 1000 atomic mass units) from low molecular weight (LMW) fractions (<30 kD). The HMW fraction includes undegraded alpha chains of bone collagen, while LMW compounds include degraded collagen fragments and soil-derived mobile and more refractory organic compounds. It is believed that the HMW fraction provides ideal 14 C dates for bone dating. However, one problem with this protocol is that the regenerated-cellulose membrane of the ultrafilter needs glycerol to keep it moist, and glycerol is made of petroleum products that contain dead or old organic carbon, which is hard to remove (Bronk Ramsey et al. 2004 ).
Since 2003, we have applied the technique of high-temperature (800 C) pyrolysis-combustion technique to separate pyrolysis-volatile (Py-V) or LMW compounds and pyrolysis-residue (Py-R) or HMW compounds for 14 C dating of wood, peat, cave sediments, and soil organic matter (Wang et al. 2003) . In this paper, we further apply this technique to human bone collagen to examine the significance of age differences between LMW and HMW fractions of bone collagen. The Py-V fraction includes degraded collagen molecules that could link to soil humates. The Py-V fraction of collagen may contain compounds that induce errors in collagen dates. During high-temperature pyrolysis, these compounds are broken and detached from aromatic carbon rings, and brought to a combustion system by an inert carrier gas (Ar) for oxidation. The high-temperature Py-V fraction should contain the LMW compounds, although the exact molecular weights are not known. The high-temperature Py-R fraction is mostly carbon black or graphitic-like material, which is derived mainly from carbon-carbon bonded aromatic hydrocarbon molecules. The Py-R fraction is equivalent to HMW collagen compounds. We believe the Py-R fractions reflect the most degradation-resistant compounds and yield more valid 14 C dates for 14 C dating.
METHODS
Pyrolysis is carried out in the Radiocarbon Dating Laboratory at the Institute of Natural Resources Sustainability of University of Illinois at Champaign using a pyrolysis-combustion system that consists of inner and outer quartz tubes (Figure 1 ), as described in Wang et al. (2003) . The inner tube is purged with Ar during the anoxic pyrolysis step, and with O 2 during the combustion phase, while the outer tube is continuously purged with O 2 . The flow of the Ar and O 2 gases is controlled by 2 needle valves and monitored with 2 flow meters.
Pyrolysis was completed at 800 C for 30 min. The volatile or LMW compounds released from collagen were carried by Ar gas into the outer tube through an orifice at the end of inner tube, where they were oxidized at 800C to produce CO 2 . The CO 2 passed through a cupric oxide furnace at Figure 1 Schematic diagram of pyrolysis-combustion system (Wang et al. 2003) . The inner and outer quartz tubes are connected using a size reducing Cajon Ultra-Torr fitting. The outer tube is always purged with O 2 , while inner tube is purged with either Ar gas for anoxic pyrolysis or O 2 gas for oxidation. The collagen sample is placed in the quartz boat in the inner tube. Gas wash traps 800 C and several gas wash traps for further oxidation and purification ( Figure 1 ). The purified CO 2 was then collected cryogenically for AMS 14 C analysis. After Ar pyrolysis, the inner tube was filled with O 2 for oxidizing carbon in the pyrolysis residue of the collagen to produce a second CO 2 fraction for separate AMS 14 C analysis. Both purified CO 2 fractions were submitted to the Keck Carbon Cycle AMS Laboratory of the University of California-Irvine for AMS 14 C analysis using the hydrogen-iron reduction method (Southon 2007) .
Early Upper Pleistocene bones of more than 50 fossil Leporidae (rabbit and hare) specimens from Natural Trap Cave, Wyoming (Gilbert et al. 1980; Wang and Martin 1993) were used for collagen 14 C background testing, while human bones collected from 4 Illinois sites were used to examine the pyrolysis method. Collagen was extracted using the protocol of Ambrose and Norr (1993; Ambrose 1990) . Bones were first crushed gently with a clean mortar and pestle. About 1-3 g of sieved bone granules of >0.3 mm and <0.8 mm diameter were placed in a Pyrex ® coarse frit filter funnel on annealed quartz wool with 50 mL 0.2M HCl. The funnel was drained and fresh HCl was replaced twice daily for up to 3 days. Demineralization was complete when bubbling stopped and translucent isomorphs appeared. The sample was rinsed to neutrality with distilled water. About 50 mL of 0.125M NaOH was added to funnel and rinsed to neutrality after 20 hr. About 50 mL 10 3 M HCl (pH 3) was added to the filter funnel, which was placed in a drying oven at 95 C for 6 hr. The hot hydrolyzed collagen solution was drained into a vacuum flask and then transferred into a 20-mL scintillation vial. The vial was placed in an oven at 70 C to condense the solution to <2 mL. The condensate was frozen and then freeze-dried for 48 hr.
BONE COLLAGEN RADIOCARBON BACKGROUND TESTING
The Early Upper Pleistocene fossil Leporidae bones were obtained from excavations in Natural Trap Cave, Wyoming, in 1985 by the University of Kansas, Museum of Natural History (Wang and Martin 1993) . The sedimentary stratum of the fauna is underlain by 3 volcanic ash layers, and the uppermost ash has been dated by the fission track method to 110,000 yr BP (Gilbert et al. 1980 ). This Pleistocene faunal assemblage has bones with excellent preservation due to rapid sedimentation, absence of plant growth, and protection from direct exposure to sun, precipitation, and temperature extremes. Bones from this stratum have undetectable levels of original 14 C, so they are used for evaluating background 14 C levels and contamination during collagen purification in laboratories that submit collagen samples for dating to the University of California-Irvine AMS Laboratory. We obtained relatively high collagen concentrations (6.5%), and the gelatinized freeze-dried filtrate had a light amber color. This collagen contains 37.87% organic carbon by weight (wt% C), and its atomic C:N ratio is 3.29 (Table 1) , which is close to the stoichiometric C:N ratio of 3.21 of modern collagen (Ambrose 1993) . Because this cave did not support significant plant growth, the sedimentary matrix would not have substantial amounts of humified organic matter. Therefore, we did not expect significant age differences between the Py-V and Py-R fractions, and we analyzed only the bulk collagen and Py-R fractions. After removing the Py-V fraction of a few aliquots of Leporidae collagen, charred collagen (Py-R) and bulk collagen were placed into quartz tubes for sealed quartz tube combustion at 800C with Cu, CuO granules, and Ag foil. If the assumption of no age difference is correct, then bulk collagen of this fossil Leporidae can also be used as our lab background for routine AMS 14 C dating services. The results clearly demonstrate there is little age difference (<2 ) between the total collagen and the Py-R fractions of the Leporidae collagen (Table 1 ).
The less negative  13 C value of total collagen suggests that the  13 C value of the volatile fraction is heavier than that of the residue fraction (Table 1) , which is consistent with our previous results on wood and soil organic matter experiments (Wang et al. 2003) .
HUMAN BONES FROM LATE PREHISTORIC SITES IN ILLINOIS
Four human bone samples were collected at the late prehistoric Hoxie Farm site, Cook County, Illinois, for collagen dating (Bluhm et al. 1990 ). They were collected from different units likely representing different occupations. Bones of a 12-to 15-yr-old female (CI#382) and a young adult female (CI#383) yielded 2.6% and 3.63% collagen (wt%), and 36% and 29% carbon by weight (wt% C), with atomic C:N ratios of 3.27 and 3.26, respectively. Bone from an older adult male (CI#384) yielded 2.8% collagen with 38% carbon by weight and an atomic C:N ratio of 3.30. Bone from an adult of undetermined sex (CI#388) yielded 2.6% collagen, with 33% carbon, and a C:N ratio of 3.31. All other indicators suggest that although these human bone specimens have lost a substantial proportion of the original collagen; what remains has retained its molecular integrity (Dobberstein et al. 2009 ). The 14 C ages of Py-V or LMW and Py-R or HMW fractions of the individual specimen show statistically identical results (Table 2 ). It appears that post-burial chemical alteration of collagen by contaminants of a different age is minimal at this late prehistoric site in Illinois.
HUMAN BONES FROM AN EARLY WOODLAND SITE
Two adult human bone specimens (CI#391; CI#392) were collected from different units at the Early Woodland Brugger Mound site, Jo Daviess County, Illinois (Philip Millhouse, personal communication, 2008 ) for collagen dating. The 2 bone specimens yielded 11.9% and 10.7% collagen, which yielded 38% and 29% carbon by weight with atomic C:N ratios of 3.21 and 3.26, respectively. The 14 C ages of the Py-V or LMW and Py-R fractions again do not show any statistical age difference, and the results were considered identical (Table 2) . No significant post-burial chemical alteration by contaminants that differed in age from the collagen occurred to the human bone collagen sampled at this Woodland site.
HUMAN BONES FROM ARCHAIC SITES
Human bone samples were collected from 2 Archaic sites, Andrew Farm Gully and Tree Row. Adult (>45 yr) human bone fragments (CI#381) were collected from Andrew's Farm Gully (AFG) in Adams County, Illinois (40855N, 912436W) (Nolan and Fishel 2009:440) . The burial is situated on colluvial slope along the erosion bank between 2 branches of a creek inside the Mississippi Bluff. The burial site was excavated in 1985, and the bone was sampled in 2004.
Table 1 AMS 14 C assays of background of bone collagen of Natural Trap Cave Leporidae. All analyses are replicates of bones that yielded 6.5% collagen.  13 C is expressed relative to VPDB; wt% C and wt% N are is the percentage of carbon and nitrogen in collagen measured using a Carlo-Erba NC 2500 elemental analyzer interfaced with a Finnegan MAT-252 isotope ratio mass spectrometer. The C:N ratio is the atomic ratio of carbon to nitrogen in collagen, T. coll. is total collagen, and Py-R coll. is pyrolysis-resistant collagen. The Andrew Farm Gully specimen (CI#381) was light amber in color and yielded 2.58% collagen with 37% carbon by weight and a C:N ratio of 3.20. The Tree Row specimen (CI#394) was also light amber in color, and was 26% carbon by weight with an atomic C:N ratio of 3.16 (Table 2 ). The Py-V fractions of collagen CI#381 and CI#394 are dated 8400 ± 150 (ISGS A0924) and 5050 ± 125 (ISGS A0940) 14 C yr BP, whereas the Py-R fractions of collagen CI#381 and CI#394 are dated 7950 ± 150 (ISGS A0925) and 4760 ± 120 (ISGS A0941) 14 C yr BP ( Table 2 ). The age differences are >3.3 standard deviations (SD) in CI#381 and 2.4 SD in CI#394. Results indicate that the 14 C ages of Py-V collagen compounds are systematically older than their Py-R collagen compounds. The 14 C ages of Py-R are the most congruent with the presumed ages of the samples based on their known archaeological associations. This suggests that old organic carbon derived from ancient soils at these Archaic burial sites could have contaminated the low molecular weight collagen compounds, resulting in unreasonably old 14 C ages.
DISCUSSION AND CONCLUSIONS
High-temperature Py-V and Py-R compounds of bone collagen are likely to represent predominantly low and high molecular weight collagen compounds, respectively. Because the Py-R fraction resembles the graphitic-like carbon in bone collagen, which is the most resistant organic constituent in bones, it should yield the most reliable 14 C dates for bone age dating. The preliminary results show that Py-V and Py-R fractions yield identical 14 C dates for recent prehistoric and earlier Wood- land, but slightly different 14 C dates for Archaic human bones. These results suggest that in relatively recent archaeological burial sites, human bones are not chemically altered or contaminated by mobile soil organic compounds that differ in 14 C content from the collagen.
At the older Archaic sites, the thermally volatile fraction of human bone collagen is apparently contaminated by older, probably humic contaminants. An older age for contaminants seems counterintuitive if one assumes that the humic contaminants that combine with collagen came mainly from soils that formed after burial of the bones. However, because these bones were obtained from human burials, they are likely to have been interred well below the penecontemporary soil surface in soils that were formed before burial. Therefore, the skeletons would have been exposed to older soil organic carbon compounds than bones that were buried by natural sedimentation processes. Experiments by van Klinken and Hedges (1995) show that collagen absorbs humic acids very rapidly, becoming saturated within 4 days. Therefore, intentionally buried human bones would most likely absorb contaminants that were mainly controlled by the age of the labile organic matter in the soil horizon in which they were buried.
Further research is needed to determine if intentionally buried bones differ in age from those of naturally buried bones. Compound-specific analysis (Stafford et al. 1988; Tripp et al. 2006 ) of collagen in different burial contexts from the same occupation layers should show younger ages for low molecular weight compounds in naturally versus intentionally buried bones. Experiments like those conducted by van Klinken and Hedges (1995) using humic acids that differ in age from the bones should also be performed. If pyrolysis treatment of experimentally contaminated collagen recovers the known age of the collagen then dating of Py-R compounds may provide a simple alternative method to eliminate young or old organic contaminants for 14 C dating of bone collagen.
